Aortic valve leaflets undergo extraordinary flexion due to the complete reversal of their curvature during billions of cardiac cycles. The flexion stresses in the leaflet depend on its elastic modulus which we investigated in vivo and in vitro. In six dogs, we placed radiopaque markers on an aortic leaflet. Leaflet length was calculated from the marker positions recorded fluoroscopically. Aortic and ventricular pressures were recorded. Dogs were killed and leaflet stress-strain curves determined in vitro. Leaflet length in vivo decreased 10.4 ± 4.7% from diastole to systole in each cardiac cycle. Using the law of LaPlace, pressure gradients across the leaflets were converted into the stresses in the leaflets. The leaflets had an initial "elastic phase" of low modulus in systole followed by an "inelastic phase" of high modulus in diastole. The elastic modulus was 2.4 ± 0.7 x 10 6 dynes/cm 2 in systole and 5.2 ± 1.7 x 10 7 dynes/cm 2 in diastole. These results were similar to those obtained in vitro. Since flexion rigidity is proportional to (elastic modulus) x (thickness) 3 , the lower modulus in systole greatly reduces flexion stresses in the leaflet and increases leaflet longevity. The higher elastic modulus in diastole prevents excessive bulging or prolapse of the leaflet while it is subjected to the diastolic pressure gradient. We conclude that a natural or prosthetic leaflet which is thickened or has a high elastic modulus throughout the cardiac cycle will have a greater flexion stress that could cause early failure.
AS the aortic valve opens and closes, the valve leaflets undergo complete reversal of their curvature in the circumferential direction. A large amount of flexion is associated with this change of curvature. The leaflets must withstand this flexion during billions of cardiac cycles. The answer to how a natural leaflet survives such a degree of flexion must lie in the elastic properties of the leaflet and in the ability of the leaflet to regenerate itself to maintain those elastic properties. A material having less stiffness (lower elastic modulus) is easier to bend than a material having greater stiffness (higher elastic modulus). In vitro, stress-strain studies of fresh human (Clark, 1973; Wright and Ng, 1974; Yamada, 1970) , porcine (Tan and Holt, 1976; Robel, 1972) , and canine (Mundth et al., 1971) aortic leaflets have shown that the leaflets have a variable elastic modulus with a lower and a higher range. However, it is not known whether the leaflets function at both the lower and the higher values of moduli in vivo. If the reversal of leaflet curvature occurs in vivo at the lower modulus, flexion stresses in the leaflets would be greatly reduced. In the present study we investigated the in vivo changes of the leaflet length of canine aortic valves to determine their elastic moduli.
Methods
Six dogs (20-30 kg) were anesthetized with pentobarbital (25 mg/kg, iv) and were placed on car-diopulmonary bypass. Through an aortotomy, three radiopaque markers (small platinum cylinders, 1 mm X 1 mm; 10 mg) were placed on the loadbearing portion of the left coronary leaflet in the circumferential direction (Fig. 1) . In three dogs, the markers were placed on the aortic surface and, in the other three, on the ventricular surface of the leaflet. One marker was placed in the opposite commissure at the level of the two lateral leaflet markers to establish a reference plane passing through these three markers. An additional marker was placed at the center of the free edge of the right coronary leaflet to help identify a closed or open valve. The dogs were allowed to recover and then were studied repeatedly over several weeks.
During each study the dogs were anesthetized lightly with ketamine (4-8 mg/kg/hr) and were positioned under an x-ray tube which could be rotated. The movement of the markers in the beating heart was recorded on videotape in two projections sequentially: (1) with the x-ray beam perpendicular to the axis of the aorta-i.e., two lateral markers on the leaflet and the commissure marker were projected in a straight line (Fig. 2 , side view)and (2) with the x-ray beam parallel to the axis of the aorta-i.e., the two lateral markers on the leaflet and the commissure marker were projected in a triangle (Fig. 2, top view) . These projections were obtained separately for diastole and for systole because the alignment of the markers changed from diastole to systole. Thus, four projections were obtained at a given systemic pressure. The dog then was rotated 180 degrees on its spinal axis and four new projections were recorded. In all the projections, the magnification was determined by placing a steel ball of known diameter adjacent to the dog, FIGURE 1 A line drawing of the aortic valve. L, R, and N are the leaflets corresponding to the left, right, and noncoronary aortic sinuses, respectively. Three radiopaque markers (A, B, C) on the load-bearing portion of the leaflet in the circumferential direction and one marker (D) in the opposite commissure at the level of the two lateral leaflet markers are shown. A marker on the right coronary leaflet is shown by a vertical bar. Leaflet length is length of the segment ABC.
at the level of its aortic valve. Since the level of the valve had to be judged from the outside, the magnification factor could be in error and could affect the absolute leaflet length. However, this is not critical, since the results are based upon the relative length, which is not affected by the magnification factor. The videotape recording of the marker movement was made at a rate of 60 fields/sec, using a continuous operation of the x-ray tube and the conventional mode of interlaced operation of the Vidicon television camera.
The pressures in the ascending aorta and in the left ventricle were recorded, using Sanborn pressure transducers (model 267B) via 7F pigtail catheters. For the catheter-transducer system, the natural frequency was 91 Hz and the damping factor was 0.118 determined by the method described by McDonald (1974a) . In diastole, the pressure gradient across the leaflet was calculated as the average difference between the aortic and ventricular pressures. In systole, the pressure gradient across the leaflet was not measured but was assumed to be in the range of 0-10 mm Hg. The ECG (lead II) also was recorded. The studies were repeated over a wide range of systemic pressures which was achieved by infusing angiotensin or nitroprusside.
The videotape was synchronized with the hemodynamic recordings using a special circuit which triggered a solenoid in the videofield and simultaneously recorded an event marker on the hemodynamic recording. The videotapes were analyzed as follows. First, in a straight-line projection in diastole, a segment of 2-3 cardiac cycles was chosen at a given aortic pressure. The segment was identified on the hemodynamic and videotape recordings. In this segment, the videotape was displayed in a stop-motion mode on a television screen and the marker positions were transferred from the screen onto transparent acetate paper. The videotape then was advanced field by field and the marker positions were transferred in each field for 2-3 diastoles. From the marker positions, distance x was measured in the straight-line projection in all the videofields (Fig. 2 , side view in diastole; Appendix I). Second, in a triangular projection in diastole, a segment of 2-3 cardiac cycles was chosen at the same aortic pressure as before and was identified on the hemodynamic and videotape recordings. The videotape was displayed on a television screen and the marker positions were transferred on a transparent acetate paper field by field for 2-3 diastoles. The distances A, 4, and p were measured in all the videofields (Fig. 2 , top view in diastole, and Appendix I).
From these two projections in diastole, the length of the marked segment ABC of the leaflet ( Fig. 1 ; Appendix I) was determined as follows. Equal numbers of videofields from the straight-line projection and from the triangular projection were selected. The videofields at the beginning, middle, and end of diastole from these two projections were matched. The match was achieved with a loss of one or no videofield from any of the projections, because the heart rate was kept constant during the recording. For each matched pair, the length of the leaflet segment was determined from the distances x, A, &, and p as explained in Appendix I. The calculation also yields the radius of the segment of the leaflet, which was not measured directly. The terms, leaflet length and radius, are used to describe the length and radius of the segment ABC (Appendix I: radius R = NC).
In systole, at the same systemic pressure as above, the segments of 2-3 cardiac cycles were VOL. 47, No. 5, NOVEMBER 1980 chosen in the straight-line projection and in the triangular projection. From these two projections, several matched pairs of videofields were obtained as described above. For each pair, distance x was measured in the straight-line projection (Fig. 2 , side view in systole), and distances 4, 4, and p were measured in the triangular projection (Fig. 2 , top view in systole). For each pair of videofields, the length and radius of the leaflet were determined from the distances x, A, <£>, and p (Appendix I). At a given systemic pressure, therefore, two projec tions were used for the leaflet length in systole, and two projections were used for the leaflet length in diastole. The leaflet length and radius were corrected for magnification by the magnification factor that was constant for diastole and systole. As was mentioned earlier, the constant magnification factor may produce error in the absolute length of the leaflet, but it produces no error in the change in the leaflet length from diastole to systole. It is worth noting that the aortic valve moves as the heart continues to function and the markers do not stay aligned in a straight-line projection throughout diastole or systole. Therefore, only those videofields were analyzed which showed perfect marker alignment. Figure 3 is a typical graphic representation of (1) leaflet length, (2) leaflet radius, (3) aortic pressure, and (4) left ventricular pressure. Since diastolic and systolic leaflet lengths are obtained from four different projections, the aortic and ventricular pressures shown are schematic.
At another systemic pressure, the leaflet length and radius in diastole and systole were obtained from four more projections at that pressure.
The amount of shortening in the leaflet length from diastole to systole was calculated as [ (Ld-L s )/ L d ] X 100%, where Ld and L s were the mean leaflet lengths in diastole and systole, respectively. Each value of Ld or L s was obtained by averaging the FIGURE 3 A plot of leaflet length in the circumferential direction, leaflet radius, aortic pressure, and ventricular pressure vs. time. Aortic and ventricular pressures are schematic. The leaflet length in diastole was greater than that in systole. The leaflet radius in diastole was smaller than that in systole. leaflet lengths from 15-30 pairs of videofields in diastole or in systole in 2-3 cardiac cycles and reported as mean ± SD at a given pressure. Over a wide range of pressure, multiple values of Ld and L s were obtained in a given dog. To see whether Ld was significantly different from L s , the difference between their means was tested by a paired data analysis. Similarly, to see whether the leaflet shortening measured with the aortic markers was significantly different from that measured with the ventricular markers, the following was done: for all the dogs, at all systemic pressures, the values of the leaflet shortening obtained from the aortic markers and those obtained from the ventricular markers were put in two separate groups. The difference between the means of these two groups was tested for significance by Student's Mest.
The accuracy of the measurement was determined with a plastic model of the aortic valve, in which the leaflets were curved in the circumferential direction. Radiopaque markers were placed in positions similar to those in vivo. The straight-line projections and the triangular projections were recorded with the model leaflet in the open and closed positions. The distances x, A, 4, and p were measured in these projections, and the length of the segment of the model leaflet was determined (Appendix I). The actual length of the segment was measured with a magnifying eyepiece micrometer with the model leaflet in a flat position. The difference between the calculated length and the measured length was 2%.
In vivo, the analysis of the leaflet length was performed independently by each of three observors. The method is accurate (2% error) for determining the leaflet length in a single study. However, additional error is introduced, especially from the magnification factor, when the data from multiple studies of the same dog are combined. The magnitude of this error was estimated to be another 2%. This results in an overall error of 4% when multiple studies are considered together.
Each dog was studied three times with the first study 1 week after the operation, and the subsequent studies 3-5 weeks apart. All the dogs were killed and the marked leaflets were removed. From each leaflet, a rectangular strip (approximately 12 mm long and 3 mm wide) was cut incorporating the marked segment in the circumferential direction. For these strips, the stress-strain curves were determined, in vitro, using an Instron tensile-testing machine (strain rate of 5 mm/min).
Results
In vivo, the length of the leaflet in the circumferential direction varied during a cardiac cycle (Fig.  3) . In a given cardiac cycle, the leaflet length remained constant during diastole. During systole, the leaflet length remained constant in some cardiac cycles but decreased in others as systole progressed. The leaflet length always was greater in diastole than in systole. The radius of curvature of the leaflet was constant during diastole but usually increased during systole as systole progressed. The mean radius always was smaller in diastole than in systole. These observations were true in any single cardiac cycle, at any systemic pressure, in all six dogs.
In each dog, the amount of leaflet shortening from diastole to systole neither increased nor decreased as the systemic pressure increased (e.g., Table 1 , for dog 2). The measurements over a wide range of pressure were obtained from multiple studies on a given dog. As was mentioned in Methods, this leads to an overall error of 4% in the leaflet length. Consequently, the leaflet lengths in diastole and in systole show a significant scatter over a wide range of pressure (Table 1) . However, the difference between the diastolic and the systolic length of the leaflet was highly significant (P < 0.0005).
For all of the dogs, the amount of leaflet shortening did not vary with the aortic diastolic pressure (Fig. 4 ). The mean (±SD) change in the leaflet length was 6.4 ± 3% with the markers on the aortic side and 14.9 ± 4% with the markers on the ventricular side of the leaflet (Fig. 4) . This difference in the leaflet shortening was highly significant (P < 0.0005). This result is important because it indicates the mechanisms with which the change in the leaflet curvature from diastole to systole can be achieved, and it will be considered again in the Discussion. The average shortening of the leaflet was 10.6% on the surface located in the middle of the aortic surface and the ventricular surface. In six dogs, the mean (±SD) radius of curvature of the leaflet was 9 ± 1 mm in diastole and 10 ± 2 mm in systole.
When the leaflet length was plotted against the pressure gradient across the leaflet, a characteristic behavior was observed (e.g., Fig. 5 , for dog 5). The plots obtained from all six dogs showed similar behavior. In systole, there was a large change in the leaflet length for a small change in the pressure gradient and, in diastole, there was a small change in the leaflet length for a large change in the pres- Decrease in the leaflet length vs. aortic diastolic pressure. For three dogs with the markers on the ventricular side, the average decrease was 14.9 ± 4%, and for three dogs with the markers on the aortic side, the average decrease was 6.4 ± 3%.
sure gradient (Fig. 5) . The leaflets had an initial "elastic phase" (less stiffness in systole) followed by an "inelastic phase" (more stiffness in diastole). In systole, the relationship between the leaflet length and the pressure gradient is so sensitive to the pressure gradient that a highly accurate measurement of the pressure gradient (perhaps of the order of 1 mm Hg) is required to establish the relationship quantitaively. In systole, the pressure gradients were not measured. However, this sensitive dependence was evident in several cardiac cycles in which the leaflet length decreased during systole, as systole progressed, presumably as the systolic pressure gradient decreased (Fig. 3) . Similarly, in diastole, the relationship between the leaflet length and the pressure gradient is so sensitive to the leaflet length that a highly accurate measurement of the leaflet length (perhaps <1% error) is required to establish the relationship quantitatively. Since such a high degree of accuracy, in vivo, is impossible to achieve with the present technique, any small decrease in Leaflet Length (mm)-•• FIGURE 5 Leaflet length vs. pressure across the leaflet in vivo. The circles represent measured leaflet length and measured pressure gradient in diastole. Vertical bars represent measured leaflet length and an assumed pressure gradient of 0-10 mm Hg in systole. The elastic modulus in diastole was obtained from the slope of the line through the measurements in diastole. The elastic modulus in systole was obtained from the line of maximum slope through the measurements in systole. The leaflet had an initial "elastic phase" of low modulus in systole followed by an "inelastic phase" of high modulus in diastole.
the leaflet length that might have occurred as a result of decreasing pressure gradient during a single diastolic period would not be detected (Fig. 3) .
In vivo, the pressure gradient across the leaflet represents stress on the leaflet and the change in the leaflet length represents the strain. Therefore, Figure 5 defines the segments of the stress-strain curve of the leaflet, in which the leaflet functions during diastole and during systole under physiological conditions. Although the present technique did not have the accuracy required to establish a precise quantitative relationship between the stress and the strain, an attempt was made to estimate the order of magnitude of elastic moduli of the leaflet. A line of maximum slope was drawn through the bars in systole (Fig. 5) . The slope of this line gives the maximum elastic modulus of the leaflet in systole. Another line was drawn through the points in diastole, so that a smooth transition was achieved between this line and the line in systole (Fig. 5) . Justification for drawing such a line is that the resulting stress-strain curve resembles the observed stress-strain curve of that leaflet in vitro. A linear regression line through the points in diastole was considered unsuitable because it had a poor correlation coefficient as a result of significant scatter in the leaflet length.
From the slopes of these lines, the incremental elastic moduli of the leaflet in diastole and in systole were calculated using the method described by McDonald (1974b) (see Appendix II). The incremental elastic modulus in diastole (ED) was calculated using (1) the measured pressure gradient, (2) the measured radius of the leaflet, and (3) an assumed leaflet thickness of 0.5 mm. A leaflet thickness of 0.4 to 0.5 mm has been measured by us, at a later time, on comparable dogs. The incremental elastic modulus in systole (Es) was calculated using (1) the assumed pressure gradient of 0-10 mm Hg, (2) the measured radius of the leaflet, and (3) an assumed leaflet thickness of 0.5 mm. The ED and Es of the leaflet for each dog are listed in Table 2 , where dogs 1, 4, and 5 had markers on the ventricular side of the leaflet, and dogs 2, 3, and 6 had markers on the aortic side of the leaflet.
In vitro, the stress-strain curves for each marked leaflet were determined in the circumferential direction after the dogs were killed. All the stressstrain curves showed a characteristic nonlinear behavior (e.g., Fig. 6 , for dog 5). For each leaflet, the stresses in diastole and in systole were calculated from the in vivo measurements (as explained in Appendix II), and were plotted on the in vitro stress-strain curve. This defines the diastolic and systolic segments of the in vitro stress-strain curve corresponding to the similar segments of the in vivo stress-strain curve. From these segments, the incremental elastic moduli in diastole and in systole were calculated ( Table 2 ). The elastic moduli calculated from both the in vivo and the in vitro measurements were quite comparable ( Table 2 ). The mean (±SD) elastic modulus in diastole was 5.2 ± 1.7 X 10 7 dynes/cm 2 and in systole was 2.4 ± 0.7 X 10 6 dynes/ cm 2 .
Discussion

Cyclic Changes in the Leaflet Length during a Cardiac Cycle
In each cardiac cycle, the leaflet was longer in diastole than in systole, indicating that the leaflet is elastic and stretches with increased loading (Fig.  3) . In diastole, the leaflet is under a greater load (greater pressure gradient) than in systole (smaller pressure gradient). In any single diastolic period, the leaflet length did not change, indicating that the leaflet is in an "inelastic phase" and that the small changes in the pressure gradient during diastole have little effect on leaflet length. This is also evident from Figure 5 which shows that, in diastole, a large change in the pressure gradient causes a small change in the leaflet length. In a single systole, the leaflet length was constant in some cardiac cycles and decreased in others (Fig. 3) . This result is difficult to interpret since the pressure gradient across the leaflet was not measured. The measurements of the pressure gradients by others (Mc-Donald, 1974c; Driscol and Eckstein, 1965) have indicated that the gradient is maximum at the beginning of systole and decreases during systole.
The decrease in the leaflet length during a single systolic period, observed in some cardiac cycles, could be due to decreasing pressure gradient. This would suggest that in systole the leaflet is in an "elastic phase" and is sensitive to small pressure changes across it. This would also suggest that, in Figure 5 , the scatter in the leaflet length in systole probably represents a true variation in the leaflet length due to variation in the pressure gradient.
The radius of the leaflet was constant during diastole and increased during systole (Fig. 3) . This observation is consistent with the previous observation (Thubrikar et al., 1977 (Thubrikar et al., , 1979 ) that the amount of leaflet opening decreases during systole.
Effect of Systemic Pressure on the Amount of Leaflet Shortening
The amount of leaflet shortening from diastole to systole was constant over a wide range of pressure (Table 1) . This interesting observation may be important for normal valvular function.
Effect of Leaflet Configuration on the Amount of Leaflet Shortening
The amount of leaflet shortening was 14.9 ± 4% when measured with the markers on the ventricular surface and 6.4 ± 3% when measured with the markers on the aortic surface (Fig. 4) . This observation can be explained in two ways. (1) When the markers were on the ventricular surface, the "imaginary" segment indicated by the markers was longer in diastole and shorter in systole than the actual segment of the leaflet (Fig. 7i) , thus exaggerating the amount of true shortening. The markers on the aortic surface have the opposite effect; i.e., the leaflet now appears shorter in diastole and longer in systole than its true length ( Fig. 7ii) , thus diminishing the amount of true shortening.
(2) As the leaflets move from diastolic position to systolic position, they change configuration by bending and/ or shear deformation within the leaflet. In the case of bending, in diastole, the ventricular surface expands and the aortic surface shrinks (Fig. 7iii) . Similarly, in systole, the ventricular surface shrinks and the aortic surface expands. This would also result in a smaller change in the aortic surface and a greater change in the ventricular surface. Thus, if the behavior of the markers on a particular surface truly represents the behavior of that surface, then the difference in the leaflet shortening indicates that the leaflet changes configuration by the mechanism of bending. This is important because it determines the stresses to which the leaflet would be subjected. The stresses in the leaflet due to bending deformation are the subject of a companion paper (Thubrikar, 1980) . VOL. 47, No. 5, NOVEMBER 1980 
The Elastic Modulus of the Leaflet in Systole and Diastole
The elastic modulus is defined as the ratio of stress over strain, and it is variable for the leaflet (Fig. 6 ). In the present study, therefore, the "incremental elastic modulus" (McDonald, 1974b) , which is an overall ratio of stress over strain for a given segment, was calculated. In calculating the incremental elastic modulus, a leaflet thickness of 0.5 was assumed. Clark and Finke (1974) measured the thickness at the center of the leaflet as 0.5 mm in humans. This thickness was considered to be close enough to that of canine leaflets for an approximate estimate of elastic modulus. A leaflet thickness of 0.4-0.5 mm has been measured by us, at a later time, on comparable dogs. For calculating the elastic modulus in vivo, it was assumed that, in systole, the observed range of leaflet lengths occurred over a pressure gradient of 0-10 mm Hg. Driscol and Eckstein (1965) measured the average maximum pressure gradient in dogs as 9.4 mm Hg in early systole, and believed that the gradient decreased during systole. If the elastic modulus in systole is calculated for a pressure gradient of 5.0 mm Hg, its value would be half of that shown in Table 2 . In calculating the stresses from the pressure gradient, the leaflet was considered to be cylindrical, as has been observed by the authors (Thubrikar, et al., 1977 (Thubrikar, et al., , 1979 and others (Swanson and Clark, 1974) . The values of elastic moduli calculated from the in vivo measurements are approximate since the calculation involves assumptions about the leaflet thickness and systolic pressure gradient. The present study is intended only to show that the leaflet is, in fact, in the low modulus region in systole, and in the high modulus region in diastole. The magnitudes of elastic moduli should be obtained from the stress-strain curves carried out carefully in vitro.
For calculating the elastic modulus in vitro, similar assumptions were made. The elastic moduli calculated from in vivo and in vitro measurements were comparable ( Table 2 ). The elastic modulus in diastole was similar to that calculated by Clark (1973) for human aortic leaflets. The elastic modulus in systole was 10-30 times lower than that in diastole. Mundth et al. (1971) observed that the modulus in the initial phase was 10 times less and x 10' x 10' x 10' x 10' x 10 7 . x 10 6 . vivo Systolic 2.7 X 10" 2.0 X 10" 1.9 X 10" 2.1 X 10 6 2.0 X 10" 2.7 x 10" In Diastolic 2.7 X 10' 6.0 X 10' 4.6 X 10' 7.1 X 10' 6.5 X 10' vitro Systolic 1.6 X 10" 2.4 X 10 6 2.0 X 10" 3.4 X 10" 3.7 X 10" Clark (1973) observed that it was 300 times less than the modulus in the later phase.
The Relationship of Elastic Modulus to Flexion Stress
The present study confirms that the aortic leaflet has an initial "elastic phase" of low modulus followed by an "inelastic phase" of high modulus. It further indicates that in vivo the leaflet is, in fact, in an elastic phase in systole and in an inelastic phase in diastole. The transition between the two phases may or may not occur along the line joining them (Figs. 5 and 6 ), since the modulus during transition depends on the rate at which the leaflets open and close. The higher elastic modulus in diastole is important because it prevents excessive bulging or prolapse of the leaflet under normotension or hypertension.
Even more important is the lower modulus in systole. Since the leaflets, in order to open and close, must undergo complete reversal of their curvature, it is important that the flexion stresses associated with the change of curvature be minimal. Flexion rigidity is directly proportional to (elastic modulus) X (thickness) 3 (Harvey, 1974) . The lower elastic modulus in systole reduces flexion rigidity, thereby reducing the flexion stresses in the leaflet. The thinness of the leaflet also suggests that reduction of flexion stress is important. Leaflet longevity undoubtedly is enhanced by its low elastic modulus in systole. A natural or prosthetic leaflet which is thickened or has a high elastic modulus throughout the cardiac cycle will have greater flexion stress, which could cause early failure.
The leaflet comes to a lower elastic modulus region by changing its length, which could be detrimental, as the length change may induce fatigue in the leaflet. However, the gain in reducing the flexion stresses due to low elastic modulus must be more than the loss due to increased fatigue. This suggests that the leaflets may be prone to flexion failure more than fatigue failure.
Appendix I
Calculation of arc length and radius of the leaflet segment encompassed by the markers: Suppose ABC denotes the markers on the leaflet and D the marker in the commissure. Then, the length and radius of the segment of the leaflet is, respectively, the length and radius of the arc ABC. In a straightline projection, measure x. x = distance of point B from the plane ADC.
In a triangular projection measure, £\, £2, and p, p being the perpendicular distance of point B' from the line AC. B' is the projection of B on the plane ADC. AB = V4 2 + x 2 , BC = V£ 2 + x 2 , OB = Vp 2 + x 2 Say a = <ABC = <ABO + <OBC. Then ,OB " .OB k i Thus, we know 0\ and 0 2 -Then, R = ^ / S i n e _l a n d A R c ABC = 2 / 2 360 where R = radius of the segment of the leaflet = NC; Arc ABC = length of the circumferential segment of the leaflet. For example, in diastole, Measured x = 8.9 mm, A = 9.9 mm, <f 2 = 19.9 mm, p = 0.7 mm Calculated R = 16.3 mm, Arc length = 37.6 mm Corrected for magnification of 2: R = 8.2 mm; arc length = 18.8 mm.
Appendix II
To calculate stress and elastic modulus: Incremental elastic modulus E = (stress/strain) = (AS/ AL/Lo) for Figure 5 . Considering the leaflet as a thin cylindrical shell, from the law of LaPlace, stress = PR t where P = pressure gradient across the leaflet, R = radius, and t = thickness which is assumed to be 0.5 mm for the leaflet.
In Vivo
In Diastole
Stress ASd = AP d x R d APd = difference between the highest and the lowest pressure gradients in diastole for a given graph (e.g., Fig. 5 ).
1333.2 X APd(mm Hg) X 0.9 (cm) dynes AS d = 0.05 (cm) cm Strain AL/L O is directly measured: Thus, elastic modulus in diastole (Ed) can be calculated. ---Cos a AB
In Systole
Assuming AP S = 10 mm Hg Stress AS S = 1333.2 X 10 (mm Hg) X 1 (cm) dynes 0.05 (cm) cm Strain is directly measured and elastic modulus in systole (E s ) can be calculated.
In Vitro
In diastole, using the law of LaPlace, stresses at the highest and lowest diastolic pressure gradients were calculated. Similarly, in systole, the stresses for 10 and 0 mm Hg systolic pressure gradients were calculated. These stresses were plotted on the stressstrain curve to obtain the strains and elastic moduli.
